Graphene nanomeshes (GNMs), formed by creating a superlattice of pores in graphene, possess rich physical and chemical properties. Many of these properties are determined by the pore geometry. In this work, we use first principles calculations to study the magnetic and electronic properties of metal-doped nitrogen-passivated GNMs. We find that the magnetic behaviour is dependent on the pore shape (trigonal vs. hexagonal) as dictated by the number of covalent bonds formed between the 3d metal and the passivating N atoms. We also find that Cr and V doped trigonal-pore GNMs, and Ti doped GNMs are the most favourable for spintronic applications. The calculated magnetic properties of Fe-doped GNMs compare well with recent experimental observations. The studied systems are useful as spin filters and chemical sensors.
I. INTRODUCTION
Two-dimensional (2D) graphene can be considered the basis of different graphetic materials: fullerene, nanotubes and graphite. Due to promising applications, graphene has been the subject to intensive research recently, experimentally as well as theoretically [1] [2] [3] [4] .
Pristine graphene has a zero band gap which restricts its electro-optical applications. By reducing its dimensionality, quantum confinement results in a finite energy gap, as in quantum dots and nanoribbons [4] . In such structures the band gap depends on the geometry, size, and edge passivation, hence the band gap can be tuned and thus the systems can be used in electro-optical technology [5, 6] .
Another graphene-based structure with a finite electronic band gap is a graphene nanomesh (GNM) [7, 8] , a 2D system formed by creating a lattice of pores in a graphene sheet. GNMs have been fabricated with pore sizes between 5 and 20 nm [9] . Stable doping of GNMs can be achieved by controlled passivation of the pore edges followed by the chelation of donor or acceptor atoms [10] . GNM edges have also been used for gas separation [11] , catalysis [12] , sensing [13] , and hydrogen storage [14, 15] . Crown ethers have been suggested as a new route towards chemically functionalized graphene [16] . For example, GNM nanostructures have the potential to become next-generation spintronic devices [17] [18] [19] .
The recent theoretical studies of graphene nanomeshes [7, 10, 11, [14] [15] [16] [17] [20] [21] [22] and, in particular, the advances in experimental preparation of such systems [9, 12, 13, 16, 18, 19] clearly suggest the need for further detailed investigations, in order to elucidate the structures with highest application potential. In this context, we study the magnetic and electronic structure of a dense regular array of pores in graphene, each of the pores being passivated by nitrogen, and doped with a 3d transition metal atom. While pore passivation by H and O also has been studied [10, 15, 16, 18, 19] , our focus here is on N (see also [19] ), which is known to form a stable C-N-metal bond, for example, in metal phthalocyanine [23] . Two pore shapes of high symmetry are addressed, namely a trigonal and a hexagonal one, as these are expected to be more stable, and easier to realize.
In Sec. II, the computational method is presented, then the thermodynamic stability is addressed on the basis of the binding energy, as well as the magnetic moments of different structures (Sec. III). Our results for the electronic structures are discussed in Sec. IV. Finally, a summary is given in Sec. V.
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II. METHODOLOGY AND OPTIMIZED N-GNM STRUCTURES
Spin polarised density functional theory calculations are performed using the projector augmented-wave pseudopotentials in the Vienna ab initio Simulations Package [24, 25] . For the exchange-correlation energy density functional, the generalized gradient approximation [26, 27] in the scheme of Perdew-Burke-Ernzerhof [28] is utilized to obtain the optimized structures. Projector augmented-wave pseudopotentials for the valence electrons are employed. The wave functions are expanded in plane waves up to a cutoff energy of 600 eV.
A Monkhorst-Pack k-point mesh [29] of 12 × 12 × 1 is used for geometry optimisation, for which we employ the standard conjugate-gradient method, until the largest force on the atoms becomes smaller than 0.01 eV/Å, and the tolerance of total energy reaches 10 −6 eV.
As initial position for the optimisation process, the dopant atom is placed above the centre of the respective pore, at a height of 4Å. The nanomeshes are modeled as layered threedimensional systems, with a vacuum of 15Å in z-direction between the individual layers, in order to avoid any layer-layer interaction. The supercell dimensions in the x-y-plane, chosen to be 6 × 6 in this work, are kept fixed for all calculations.
In our study, we consider two GNM configurations. A trigonal (t) pore is formed by removing 6 C atoms, then passivating the pore edge by 3 N atoms; we denote this configuration by t-N-GNM. A hexagonal (h) pore configuration is formed by removing 12 C atoms, passivating the pore edge with 6 N atoms, denoted as h-N-GNM. Then 3d transition metals are placed in the pore, see Fig. 1 , and their effect on the N-GNM magnetic and electronic properties is studied. Since we are considering rather light metals in this work, we expect spin-orbit coupling to be of minor importance, as its effect increases with the fourth power of the atomic number.
However, one should keep in mind that the spin-orbit interaction can, in principle, have a distinct effect, especially for the states around the Fermi level, in certain 'critical' cases, e.g., for the half metal system MnBi [30] . In other cases, like NiMnSb, the modification is found to be very small, below 1% [30] . Some discussion of relativistic effects can also be found in a recent review paper [22] .
III. STABILITY AND MAGNETIC MOMENT
In the optimized structure, t-and h-N-GNMs have zero magnetic moments. Table I shows the bond lengths between metal and N atoms. The bond length decreases as the ionic size decreases from Sc to Cr in both pore configurations, while from Fe to Zn it is almost constant. A slight increase of the bond length is found for Mn (see below). The optimized structure is planar for metal-doped N-GNM in the case of the h-pore. However, for the t-pore the metal atom is located out of plane of the N-GNM sheet (see Fig. 1 , side view) except for Zn. The vertical distance between the metal and the sheet plane decreases as the ionic size decreases, from 1.1Å for Sc to 0.5Å for Cu.
The binding energy (E b ), Table I , is an indicator of the stability of the respective structure;
it can be calculated using the following equation:
where E Metal-N-GNM , E N-GNM , and E Metal are the energy of the metal-doped N-GNM, the energy of the N-GNM, and the isolated metal in the same volume, respectively. The binding energy assesses the strength of the interaction between N-GNM and the transition metal atom. Roughly speaking, the binding strength (∼ |E b |) increases when considering the series from Zn to Sc, i.e., from right to left in Table I (with the exception of Co in the t-pore). This is consistent with the fact that along this series the number of empty outer-shell electron states on the metal increases, allowing for increasing hybridisation with N, and thus stronger binding. It is not surprising that the metals in the t-pore are more strongly bound than the corresponding ones in the h-pore, since there are three bonds with N in the former and only two bonds with N in the latter case. One should note, however, that stronger binding corresponds to longer bond lengths: the latter is consistent with the increase of the covalent radius from Zn . . . Sc [31] .
The magnetic moment, see Table I , along the sequence from Sc to Cr, with open d shells on the metal, is related to the number of remaining electrons after forming the metal-N bonds. Two and three electrons are shared with the N atoms in the h-and the t-pore, respectively, as shown in Fig. 1 . Therefore the magnetic moment of the metal-doped h-N-GNM is larger than that of the t-N-GNM doped with the same metal by one. For Mn which is in the high-spin state only two electrons engage with the N atoms in both cases, t-and h-pore. Note that Mn in the high-spin state is known to have a larger covalent radius than in the low-spin state [31] , in agreement with the higher Mn-N bond length in comparison with its 'neighbour' elements.
For Fe in the t-pore apparently all un-paired d electrons bond with the N atoms, thus the magnetic moment becomes zero. This agrees with the recent experimental observation [19] that Fe assumes a low-spin state if surrounded by a large number of N atoms. The spin state of Fe changes, however, when Fe is embedded in the h-pore where only two electrons are shared with the N atom. Thus Fe in the h-pore appears to be similar to Fe in a double vacancy [19] . We note that the magnetic moments in the sequence Sc . . . Fe are larger for the h-pore that for the t-pore, which is consistent with general crystal field theory: a large hole should support higher spin states as compared to a small one [21] .
For Co and Ni, the three and two un-paired electrons, respectively, bond with the N atoms in the t-pore. For these metals, which are near closed shell, the magnetic moment for the h-pore is smaller than the magnetic moment of the corresponding doped t-pore, which indicates a strong hybridisation of the outer shell electrons (s and d orbitals) with N.
Accordingly, the bond lengths for Co and Ni are about 7% smaller than the bond length Fe-N. Regarding closed atomic shells, Cu and Zn are non-magnetic in t-and h-pores to a good approximation.
In comparison with previous work, we note that for the cases Sc, Fe, and Zn the magnetic moments of metal-doped t-N-GNMs are very similar to the same metal substituted into pristine graphene [21] , and to graphene with a single vacancy [22] . For metal-doped h-NGNMs our results are very similar for V, Fe, Co, Cu, and Zn embedded in graphene with a double vacancy [21] . For the latter case, the metal-N bonds have the same effect on the magnetic moment as metal-C bonds. Apparently, for the control of the magnetic state it is important how many C atoms are removed, how they are removed (which relates to the shape of the pores), and which passivating element is used. 
IV. ELECTRONIC STRUCTURE
The density of states (DOS) of pristine graphene, which has been known for a long time [32] , features a characteristic linear behaviour near the Fermi energy (E F ), ∼ |E − E F |.
This behaviour is characteristically modified when passivated pores are created. Figure 2 shows the DOS for the t-N-GNM and h-N-GNM structures. For the t-pore a broad band of states is created around the Fermi energy (−0.2 to 0.7 eV), and the contribution of N states appears at −0.9, −0.7 eV, and around the Fermi energy (−0.1 to 0.2 eV). As compared with pristine graphene, t-N-GNM system is metallic, Fig. 2a . For N-GNM with h-pore, the DOS shows semiconducting behaviour with a band gap of 0.8 eV (see Fig. 2b ). The N states have a significant participations in the energy range −1.3 to −0.6 eV, and a small contribution in the conduction band (1.2 to 1.5 eV). Clearly the shape of the pore, i.e., the number of removed C atoms and the passivation with N, crucially influences the density of states of the nanomesh.
The surprising (at least at first sight) observation is the metallic behaviour of t-N-GNM.
However, the t-pore structure involves three closely interacting N atoms in the pore; this electrons less than the former, we arrive at the same conclusion. Of course, these results depend, as is well known [33, 34] , on the concrete size of the pore and the supercell: for example, increasing the latter will generally decrease the effect of the pore, i.e., reduce the doping level, thereby shifting the Fermi energy towards the (pristine) valence band edge. 
FIG. 2. (Color online) Density of states (DOS) and partial density of states (PDOS) of N atoms, for t-N-GNM (a) and h-N-GNM (b)
When adding Sc as a dopant to the t-pore, as compared with t-N-GNM (Fig. 2a) , the system becomes a semiconductor with a band gap of 0.5 eV, and the Fermi energy shifts towards higher energy, see Fig. 3a . The Sc states appear only in the conduction band above 0.8 eV, and the N states do not have a significant contribution in the DOS. The symmetry of spin up and spin down states results in a zero magnetic moment. With respect to Sc in the h-pore (Fig. 3b) , the hybridisation between Sc and N is stronger than for Sc in the t-pore, and lies in a broad range (above −0.3 eV). This hybridisation creates covalent bonds between Sc and the N atoms. As compared with the DOS of h-N-GNM (Fig. 2b) , the Fermi energy moves to the conduction band, and the structure becomes metallic. The asymmetry between spin up and spin down states leads to a magnetic moment of 0.7 µ B .
The density of states for a t-pore doped with Ti is shown in Fig. 3c , demonstrating the covalent bonds between Ti and N orbitals, in particular, at the Fermi energy. The Fermi energy is shifted further to higher energy (compared with the corresponding pore with Sc).
A strong hybridisation between Ti and C states appears in the whole energy range of the conduction band. The spin up states at the Fermi energy originate from Ti states. Since the Ti atom has an additional d electron compared with Sc, the magnetic moment of this system is 1 µ B , as we see also in the strong asymmetry of the two spin components. This system may be useful for spintronic devices due to the metallic spin-up states of Ti at the Fermi energy. In the case of the hexagonal pore with a Ti atom (Fig. 3d) , the Fermi energy is shifted towards higher energy as compared with h-N-GNM, and covalent bonds due to the hybridisation between Ti and N states are formed. The 3d Ti states for spin up are located around the Fermi energy in the range −0.5 to 0.7 eV. The asymmetry between spin up and spin down components is higher than for Ti in the t-pore, so the magnetic moment becomes 2 µ B . Due to the asymmetry of two spin components, this system can be used as spintronic device. For spintronic and spin filter devices, the spin resolved density of states at the Fermi energy is decisive. Hence we finally determine the spin polarisation ratio (P DOS ) at the Fermi level, E F :
where D ↑ and D ↓ denote the density of states of the spin up and spin down states, respectively [35, 36] . 1 The results are given in Table II . We conclude that the systems with Ti in both pores, and Cr in the t-pore can be used as spintronic devices. Furthermore, we can use V in both pores, Fe and Zn in the h-pore, and Co in the t-pore for spin filter applications.
On the other hand, Sc and Cu doped N-GNMs have only a low spin filter efficiency.
V. SUMMARY
Using spin-polarised density functional theory, we find that the state of semi-metallic graphene is altered to metal and semiconductor in a graphene nanomesh passivated by N (N-GNM) with trigonal and hexagonal pores, respectively. The covalent bonds between N and the 3d metal are the basis for understanding the magnetic and electronic properties of metal-doped N-GNM. A splitting in the density of states of the two spin components is created due to the contributions of the 3d metals, except for Sc and Zn in the trigonal pore. We find doped N-GNMs to be magnetic for most 3d metals inside the trigonal pore (i.e., except for Sc, Fe, and Zn). In the case of the hexagonal pore, all doped N-GNMs are magnetic except for Cu. A 100% spin polarisation at the Fermi level appears when Ti is used as a dopant in both pores (trigonal and hexagonal), as well as for Cr in the trigonal pore.
